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The metabolic processes of living organisms are for the most part enzyme catalyzed. The recent studies of Virtanen, Woods, Borsook, Warburg, Cori and co-workers, Hanes and many others2 have clearly demonstrated that many of these processes are reversible, and there is at present no reason for assuming that this is not true in all cases. It is generally believed that the enzymatic decomposition of keto acids accounts for the greater part of the CO2 produced by living organisms. If these latter reactions are reversible, they could be a mode of entry of CO2 into cellular biochemical processes.3 With this point in mind we have investigated the decarboxylation of pyruvic acid using radioactive carbon (C'1) as a tracer. 4 The enzyme carboxylase is known to catalyze the decomposition of pyruvic acid with the production of CO2 as one of the end-products. This enzyme is of wide-spread occurrence among living organisms. Furthermore, cell-free preparations which will function in vitro can be easily prepared and its action on pyruvic acid has been carefully studied. It is known that the decarboxylation of pyruvic ac d gives rise to CO2 and acetaldehyde CH3CO*COOH -CH3CHO + CO2 (1) There has been as yet no experimental evidence to show whether this reaction is reversible However, assuming the reaction to be reversible, the free energy change (AF°) can be estimated from the available thermodynamic data5 to be approximately -10,000 calories for the pure substances in aqueous solution. Therefore it is apparent that the reverse action (if it occurs) will be exceedingly slow compared to the decarboxylation reaction, so that a very sensitive indicator must be employed in order to detect it.
The reformation of pyruvic acid has been studied using C*O2. In an experiment to be described in detail below, inactive pyruvic acid was decarboxylated enzymatically in the presence of inactive CH3CHO and C*02 of very high specific radioactivity. However, no conclusive evidence (presence of radioactive keto-acids) for the reversibility of the decarboxylation could be obtained because the rate of decarboxylation in the presence of carboxylase was too fast. It was therefore necessary to enhance the possibility of pyruvate-synthesis by slowing down the decarboxylation.
It has been found that the rate of decarboxylation can be decreased by the addition of acetaldehyde.9 The effects of various concentrations of acetaldehyde on the rate of this reaction were tested in experiments conducted with the usual Warburg technique. It was found that the pyruvate decarboxylation was reversibly inhibited by CH3CHO in concentrations up to --0.4 M. Concentrations of CH3CHO greater than this destroyed the enzyme by denaturing the soluble protein and precipitating it as a milky white solid. Enzyme solutions which had been partially inactivated by concentrations of acetaldehyde up to 0.4 M could be restored to very nearly complete activity by removing the acetaldehyde through aeration, thus demonstzating the inhibition to be reversible. Coryell, Heegaard, et al.,6 advanced an explanation for the inhibiting effect of acetaldehyde on the decarboxylation of pyruvic acid by assuming a competition of the two substances for the same active group of the enzyme. They suggest also that the inhibition may be enhanced in the early stages by adding acetaldehyde some 20 minutes before the pyruvate is added to fill most of these active groups with acetaldehyde, since their experiments indicate that the replacements at the active positions are slow. Therefore the acetaldehyde together with the C*02 was added --.20 minutes before the pyruvate in these experiments.
The enzyme solution was prepared in the following way: Bottom yeast was dried at 30°C., finely powdered and allowed to autolyze in the presence of three parts of distilled water for three hours at 35°C.7 The autolysate was then centrifuged and the residue discarded; the clear supernatant solution decomposed pyruvate with great rapidity when used in phosphate buffer at pH 6.0 to 6.2.
The radiocarbon experiments were carried out in the following manner: Into each of two vessels were introduced 2.0 ml. of enzyme solution in M/5 phosphate buffer at pH 6.0; 1.5 ml. of a 0.9 M solution of acetaldehyde were added to each vessel, which brought the final concentration of aldehyde to 0.39 M. The C*02 was introduced, and the vessels were shaken at 30°C. for 20 minutes, after which time 0.3 ml. of a sodium pyruvate solution (60 mg. sodium pyruvate) was added to each vessel. The concentration of pyruvate was thus 0.14 M. One vessel was shaken at 30°C. for 10 minutes, the other for 50 minutes.
For the measurement of the amount of radioactive keto acid formed, the solution from each vessel was divided into halves which were treated as follows:
(1) To one portion, 0.2 g. of sodium pyruvate and 0.1 g. of NaHCOS were added as carriers, the solution was acidified to pH 1.0 with HCI, and boiled gently to expel C*02, after which HCI and NaHCO3 were again added and the boiling was repeated; The moderate amount of protein which precipitated was removed by centrifugation; no radioactivity could be detected in this precipitate. The pyruvic acid in the clear supernatant solution was precipitated as the 2,4-dinitrophenylhydrazone, which was filtered, washed and dissolved in Na2CO3. The hydrazone was reprecipitated with HCI, and was found to be radioactive (table 1) .
Because it seemed of interest to determine whether the keto acid formed in this reaction was present in combination with the enzyme, a different treatment was used with the second portion. It was conceivable that the boiling with acid may have dissociated the enzyme-substrate complex. For this reaction both high temperature and acidification were avoided in eliminating the C*02, which was achieved in the following manner.
(2) To the second portion, 0.2 g. of sodium pyruvate and 0.2 g. of Na2CO3 were added as carriers, followed by excess CaCl2 and NaOH.
The precipitate of CaC*O3 was removed by filtration and this procedure was repeated with the filtrate. Control experiments had shown that this method was effective in completely removing C*02. The clear filtrate was acidified and the 2,4-dinitrophenylhydrazone of pyruvic acid was precipitated. This hydrazone was only slightly active (table 1). A control experiment was performed by shaking a solution of CH3COCOOH
and CHsCHO with C*02 for 30 minutes. The carbon dioxide was removed by gentle boiling with dilute HCI. The CH3CHO and CH3COCOOH were brought down with 2,4-dinitrophenylhydrazine and carefully washed. This hydrazone precipitate was inactive (< 3 counts/minuteG). Table 1 shows that the quantity of C* in the pyruvate precipitate is very small. Indeed, when the rate of decarboxylation was not strongly inhibited by the addition of sufficient CH3CHO, the radioactivity was too small to detect.
It may be concluded from table 1 that a very small but nevertheless definite amount of a labeled carbonyl compound (probably pyruvic acid) has been formed from C*02. The significant difference in the radioactivities of the pyruvate precipitates obtained in procedures (1) and (2) is interesting. It would appear that most of the labeled pyruvate is bound to the catalyst and is split off by boiling with HCI (method .1). The enzyme was completely precipitated with the CaCO3 (method 2), carrying down with it the major part of the labeled pyruvate.
The amount of C*02 used by this reaction is far too small to account for the CO2 utilization observed in the many systems thus far studied. It may be, however, that in vivo the labeled pyruvate could be transformed or removed from the enzyme surface by rapid reactions competing with the decarboxylation.
We have investigated the possibility of rapid competing reactions in vivo using the homofermentative lactic acid bacterium Streptococcus lactis. It is known that this organism carries out a dismutation of pyruvic acid which results in the formation of C02, acetic and lactic acids according to the equation :8 2CH3CO COOH + H20 > CO2 + CH3COOH + CH3CHOHCOOH (2) This net equation may be considered as consisting of at least two separate reactions:
CH3CO-COOH + H20 -CH3COOH + CO2 + 2H+ + 2e- (3) and CH3CO-COOH + 2H+ + 2e-CH3CHOH-COOH
If these reactions are allowed to proceed in the presence of C*02, the labeled pyruvate formed by the reversal of (3) could be reduced to lactate and thus stabilized. In that case the lactic acid should contain C*. Fermentations were carried out anaerobically in the presence of C*02 using sodium pyruvate and also dextrose as substrates in separate vessels. Strep. lactis ferments dextrose according to the equation:
The organisms were grown in yeast autolysate diluted 1 to 5 in M/5 phosphate buffer at pH 7.0. The cultures were incubated at 28°C. for 24 hours and showed a high rate of metabolic activity, as evidenced by the rate of acid production from dextrose in Warburg experiments. Heavy suspensions of the bacteria were prepared for the radioactive carbon experiments by centrifuging the cells out of a large amount of growth medium, and washing them twice in tap water. The organisms were suspended in M/5 phosphate buffer at pH 7.0 and placed in the experimental vessels. Dextrose was added to one vessel and sodium pyruvate to another in such amounts that the final concentration of the substrate was 2%. C*02 was admitted and the suspensions were shaken under anaerobic conditions at 30°C.
At the close of the experiment, inactive pyruvic, lactic and acetic acids were added as carriers. C*02 was quantitatively expelled by the addition of inactive NaHCO3 and acid followed by gentle boiling, and the cells were then removed by centrifugation. Pyruvic acid was isolated from the supernatant liquid as the 2,4-dinitrophenylhydrazone, which was removed by filtration. The acetic acid was separated from the lactic acid by steam distillation; the non-volatile residue was subjected to a frational vacuum distillation to remove lactic acid. The distillation was followed both by titrimetric and radioactivity measurements. The results are summarized in table 2. It is apparent from the above table that the bacteria have assimilated small amounts of C*02. Nevertheless, the formation of labeled pyruvic, lactic and acetic acids could not be detected. Due to the low radioactivity of the extracts and the short half-life of C", the identity of the radioactive substances formed was not determined.
In conclusion, then, the in vitro experiments conducted with carboxylase preparations have shown that in the presence of acetaldehyde and pyruvate a very small amount of C*02 is utilized, resulting in the formation of a radioactive carbonyl compound. In The frequent observation that mitotic spindles of living, untreated cells are optically homogeneous, as well as Chambers" inability to demonstrate fibres with his microdissection methods, have led to a widespread opinion among biologists that spindle fibres have no morphological reality as such. They are commonly held to be no more than coagulation artifacts produced by fixation, in contrast to the easily visible astral rays of living material such as the Arbacia egg.
Opposed to this interpretation are the results of experiments by Belaf and Schrader,3 and Schmidt's4 recent demonstrations of optical anisotropy
